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The title ompound is investigated by spei heat measurements in the normal and superon-
duting state supplemented by upper ritial eld transport, suseptibility and magnetization mea-
surements. From a detailed analysis inluding also full potential eletroni struture alulations
for the Fermi surfae sheets, Fermi veloities and partial densities of states the presene of both
strong eletron-phonon interations and onsiderable pair-breaking has been revealed. The spe-
i heat and the upper ritial eld data an be desribed to rst approximation by an eetive
single band model lose to the lean limit derived from a strongly oupled predominant hole sub-
system with small Fermi veloities. However, in order to aount also for Hall-ondutivity and
thermopower data in the literature, an eetive general two-band model is proposed. This two-band
model provides a exible enough frame to desribe onsistently all available data within a senario of
phonon mediated s-wave superondutivity somewhat suppressed by sizeable eletron-paramagnon
or eletron-eletron Coulomb interation. For quantitative details the relevane of soft phonons and
of a van Hove type singularity in the eletroni density of states near the Fermi energy is suggested.
PACS numbers: 74.70.Ad, 74.60.E, 74.60.Ge
Keywords: A. Superondutors, D. Upper ritial eld, Spei heat
I. INTRODUCTION
The reent disovery of superondutivity in the in-
termetalli antiperovskite ompound MgCNi3
1
with a
superonduting transition temperature of T

≃ 8 K is
rather surprising onsidering its high Ni ontent. There-
fore it is expeted that this ompound is near a ferromag-
neti instability whih might be reahed by hole doping
on the Mg sites.
2
The possibility of unonventional super-
ondutivity due to the proximity of these two types of
olletive order has attrated great interest in the ele-
troni struture and the physis of the pairing meha-
nism.
Band struture alulations
2,3,4,5,6
for MgCNi3 re-
vealed a domination of the eletroni states at the
Fermi surfae by the 3d orbitals of Ni, suggest-
ing presene of ferromagneti spin utuations.
2,4
13
C NMR measurements
7
result in Fermi liquid be-
havior with an eletroni rossover at T ≈ 50 K,
growing formation of spin utuations below T ≈
20 K. Resistivity measurements,1,8,9 measurements of
the thermopower, the thermal ondutivity and the
magnetoresistane,
10
doping experiments
9,11
and magne-
tization measurements
11
are onsistent with this inter-
pretation.
MgCNi3 an be onsidered as the 3-dimensional ana-
logue of the quaternary layered transition metal boroar-
bides whih exhibit superonduting transition tempera-
tures up to T

≃ 23 K. In spite of the muh lower T

of
MgCNi3, its upper ritial eld H2 at low temperatures,
H
2(0) = 8 . . . 15 T,
8,12,13,14,15
is omparable with that
of the boroarbides or even higher. However, a rather
dierent shape, espeially near T

, for the temperature
dependene of H
2(T ) is observed for these ompounds.
The H
2(T ) dependene of MgCNi3 is similar to that
of usual (standard) intermetalli superondutors whih
are desribed reasonably well within the isotropi single-
band approximation and exhibit a steep slope of H
2(T )
at T

.
Through analysis of spei heat data, MgCNi3
was haraterized in the framework of a onventional,
phonon-mediated pairing both as a moderate
1,15
and as
a strong
13,16
oupling superondutor. Strong oupling
is also suggested by measurements of the thermopower
10
and the large energy gap determined from tunneling
experiments.
13
The question of the pairing symmetry is
ontroversially disussed in the literature.
13
C NMR
experiments,
7
spei heat measurements
15
and tun-
neling spetra
17
support s-wave pairing in MgCNi3,
whereas earlier tunneling spetra
13
and penetration
depth measurements
18
have been interpreted in terms of
an unonventional pairing state. Reent measurements
of the ritial urrent of MgCNi3 may be interpreted in
the latter sense, too.
19
In the present investigation, spei heat data of
MgCNi3 in the normal and superonduting state were
analyzed in detail with the aid of a realisti phonon
model and strong oupling orretions as suggested by
Carbotte.
20
The results are brought into aordane with
the two-band harater of MgCNi3 emerging from band
struture alulations and a parallel analysis of the up-
per ritial eld Hc2(0), in order to nd out a onsistent
physial piture explaining at least qualitatively various
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FIG. 1: Partial density of states of the two bands in MgCNi
3
orresponding to the two Fermi surfae sheets shown in Fig.
2. Dotted line: total density of states.
FIG. 2: Fermi surfae sheets of MgCNi3. Fermi veloities
are measured in dierent olors (see sales below the gure)
in units of 107 m/s, i.e. blue olor stands for slow and red
olor for fast quasipartiles. Upper panel and lower left panel:
hole sheets orresponding to band 1 in Fig. 1. Lower right
panel: eletron sheets orresponding to band 2 in Fig. 1.
The right panels present the Fermi veloity distribution of
the two sheets on the same absolute sale to demonstrate the
slow (heavy) harater of the holes. Yellow olor: sides of
lled eletrons. The left panel shows the v
F
-distribution in
the hole sheets on a smaller sale in more detail.
available experimental results.
II. ESSENTIALS OF THE THEORETICAL
ELECTRONIC STRUCTURE
Following previous work of one of the authors (H.R.)
2
in the present setion we remind the reader on some es-
sential features and point out important, but neverthe-
less so far unpublished details of the eletroni struture
of MgCNi3 whih are ruial for a proper interpretation
of the spei heat (total and Fermi surfae sheet (FSS)
related partial densities of states (DOS)), upper ritial
eld and transport data (topology of the Fermi surfae
and the magnitude of the Fermi veloities). Among var-
ious band struture alulations there is general onsen-
sus about the qualitative topology of the Fermi surfae
and the presene of a strong peak (Van Hove Singular-
ity) in N(E) slightly below the Fermi energy. At the
same time there are lear dierenes with respet to the
magnitudes of N(0) = 4.8 states/eV = 11 mJ/molK2
(to be ompared with 4.63 states/eV,3 4.99 states/eV,4
5.34 states/eV6) and espeially with respet to the Stoner
fator S = 3.3 (ompared with 1.75,3 2.78,21 to 5,4) as
well as to the distane of the DOS peak 42 meV (om-
pared with 40 meV22 to 80 meV21) below E
F
. The peak
may be of relevane for a proper quantitative desription
of the eletroni spei heat, transport data, magneti
properties, and the superondutivity. Last but not least,
there is also a sizeable disparity on the magnitude of the
eletron-phonon oupling onstant λ
ph
(ranging between
0.8 . . .2.0) mainly aused by the poor knowledge of the
phonon energies and possible lattie anharmoniities.
22
Our results have been obtained by a band struture
alulation ode using the full-potential nonorthogonal
loal-orbital (FPLO) minimum-basis sheme.
23
There are
about 0.285 harges per unit ell with exatly equal num-
bers of holes and eletrons, i.e. n
h
= n
el
whih follows
from the even number of eletrons per unit ell. In other
words, MgCNi3 is a so alled ompensated metal whih
must be desribed in terms of multi-band model by de-
nition (per s´e). Thus, it makes sense to start with a two-
band model. The generalization to any higher multi-band
senario is straightforward. A standard single band sys-
tem with an even number of eletrons per unit ell would
be an insulator and not a superondutor. Thus metal-
iity is ahieved owing to the two-band harater whih
leads to eletron and hole derived Fermi surfae sheets
(FSS). The total DOS N(0) at the Fermi level an be
deomposed into a roughly 85% and a 15% ontribution
stemming from two hole and two eletron sheets of the
Fermi surfae, respetively (see Figs. 1 , 2). On the Fermi
surfae sheets shown in Fig. 2 the sides of lled eletron
states are shown in yellow/gold olor. The two types
of hole sheets are formed by eight droplets (ovoids) ori-
ented along the spatial diagonals of the ube, i.e. along
the Γ-R lines and six FSS with a four-leaved lover-
like shape entered at the X-points in the middle of the
faes of the ube (see Fig. 2). The oordinates of the
symmetry points read Γ = (0, 0, 0), R = (0.5, 0.5, 0.5),
X = (0.5, 0, 0) and M = (0.5, 0.5, 0) (all given in units of
2pi/a, where a = 0.381 nm is the lattie onstant). The
FSS with eletron harater are given by the rounded
ube entered at Γ and 12 thin jungle gims spanning
from R to M.
The band struture alulations provide us diretly
with several material parameters (total and partial den-
3sities of states, Fermi veloities, et.) important for the
understanding of superondutivity and eletroni trans-
port properties. For instane the transport properties
are desribed by quadratially averaged Fermi veloities:〈
v2
〉
FSS
whereas the upper ritial eld is desribed by
averages of the type
〈
1/v2
〉
FSS
whih yields a smaller
eetive veloity in general. Using the general deni-
tions of the loal density of states (in
−→
k -spae) and
those of m
th
and the rst moments of the Fermi veloity
v =
∣∣∣−→v (−→k )∣∣∣, respetively, we have
〈vm〉i =
∫
dSiNi
(−→
k
) ∣∣∣vi (−→k )∣∣∣m−1∫
dSiNi
(−→
k
)
≡
∫
dSi
∣∣∣−→v i (−→k )∣∣∣m−1
4pi3~Ni(0)
,
〈v〉i ≡ vi
=
SF,i
4pi3~Ni(0)
,
〈vm〉i =
vi
∫
dSi
∣∣∣−→v (−→k )∣∣∣m−1
SF,i
,
where i = el, h, tot and Sf,i denotes the area of the i
th
Fermi surfae sheet and the eetive quantity is related to
the linearly averaged value v adopting a simple estimate
as
〈
v−2
〉
i
=
vi
∫
dSi
∣∣∣−→v i (−→k )∣∣∣−3
SF,i
≡ v−2
h2,i,
v
h2 ≈ v
[
1− (δv/v)2
]
,
where δv is the halfwidth of the v
F
distribution. For
the two above mentioned subgroups of quasipartiles we
estimate: v2 = 3.9× 107 m/s and v1 = 1.2× 107 m/s,
v
tr,1 = 1.11 × 107 m/s, vh2,1 = 1.07 × 107 m/s and
v
tr,2 = 4.89 × 107 m/s, where δv1 = 4 × 106 m/s and
δv2 = 1.1× 107 m/s have been used (ompare also Fig.
2).
Finally, in the isotropi single band (ISB) model real-
ized in the extreme dirty limit of superondutivity one
arrives at
N(0)v2
tr,ISB = N1(0)v
2
tr,1 +N2(0)v
2
tr,2,
whih yields v
tr,ISB = 2.15 × 107 m/s in aordane
with Ref. 3. The orresponding plasma energy amounts
~ω
pl
= 3.17 eV lose to 3.25 eV given in Ref. 4. Natu-
rally, the total plasma frequeny ω
pl
an be also deom-
posed into the plasma frequenies of both subsystems
ω2
pl
= ω2
pl,1 + ω
2
pl,2 = ω
2
pl,1
(
1 +
N2(0)v
2
tr,2
N1(0)v2
tr,1
)
.
Thus we estimate ~ω
pl,1 ≡ ~ωpl,h ≈ 1.89 . . .1.94 eV and
~ω
pl,2 ≡ ~ωpl,el ≈ 2.55 . . . 2.61 eV. From these partial
plasma energies a useful relation between the sattering
rates γ
i
and the ondutivities σ
i
(with i = 1, 2) in both
subsystems an be obtained:
γ
el
γ
h
= 1.816
σ
h
σ
el
= 1.816
ρ
el
ρ
h
,
where ρ
i
denotes the orresponding resistivity. In the
present ase the disorder is expeted to be aused mainly
by Mg and C related defets suh as vaanies and inter-
stitials. Therefore the ratio of the sattering rates might
sale with the ratio of the non-Ni derived Mg and C or-
bital partial densities of states at the Fermi level and the
orresponding Fermi veloities. As a result we estimate
from our LDA-FPLO alulations
(
γ
el
γ
h
)
LDA
≈ Nel,Mg,C(0)vF,el
N
h,Mg,C(0)vF,h
≈ 4.81. (1)
Within this approah the orresponding mean free paths
dier by a fator of 0.917 and a ondutivity ratio of
σ
h
/σ
el
= 1.403 would be expeted.
In the following analysis we usually make use of ~ =
k
B
= µ0 = 1 for the sake of simpliation.
III. EXPERIMENTAL
Polyrystalline samples of MgCNi3 have been prepared
by solid state reation. In order to obtain samples with
high T

, we used an exess of arbon as proposed in
Ref. 1. To over the high volatility of Mg during sin-
tering of the samples an exess of Mg is used.
1
In this
study, a sample with the nominal formula Mg1.2C1.6Ni3
has been investigated and is denoted as MgC1.6Ni3. To
prepare the sample a mixture of Mg, C and Ni powders
was pressed into a pellet. The pellet was wrapped in a
Ta foil and sealed in a quartz ampoule ontaining an Ar
atmosphere at 180 mbar. The sample was sintered for
half an hour at 600◦C followed by one hour at 900◦C.
After a ooling proess the sample was reground. This
proedure was repeated two times in order to lower a
possible impurity phase ontent. The obtained sample
was investigated by x-ray diratometry to estimate its
quality. The diratometer pattern (Fig. 3) shows small
impurity onentrations mainly resulting from MgO and
unreated arbon rystallized as graphite (≈ 10 vol.-
%). The lattie onstant of the prepared sample was
determined to be a = 0.38107(1) nm using the Rietveld
ode FULLPROF.
24
This indiates that the nearly single-
phase sample orresponds to the superonduting mod-
iation of MgC
x
Ni3.
25
The superonduting transition
of the sample was investigated by measurements of ele-
trial resistane, a suseptibility and spei heat. For
the eletrial resistane measurement a piee ut from
the initially prepared pellet with 5 mm in length and a
4 ]° [ θ2
20 30 40 50 60 70 80 90 100
In
te
ns
ity
 [ c
ou
nts
 ]
-5000
0
5000
10000
15000
20000
In
te
ns
ity
 [ c
ou
nts
 ]
FIG. 3: Rietveld renement for the MgC
1.6Ni3 sample. The
rosses orrespond to the experimental data. The blak line
shows the alulated pattern. The vertial bars give the Bragg
positions for the main phase MgCNi
3
, for graphite and MgO
(from top to bottom). The blak line at the bottom of the plot
gives the dierene between the experimental and alulated
pattern.
ross setion of approximately 1 mm2 was measured in
magneti elds up to 16 T using the standard four probe
method with urrent densities between 0.2 and 1 A/m2.
The a suseptibility and the spei heat measurements
were performed on other piees from the same pellet in
magneti elds up to 9 T.
IV. RESULTS
A. Resistivity
The temperature dependene of the eletrial resis-
tane of the investigated sample is shown in Fig. 4. A su-
peronduting transition with an onset (midpoint) value
of T

= 7.0 K (6.9 K) is observed (see inset of Fig. 4)
whih oinides with the onset of the superonduting
transition of T

= 7.0 K determined from a suseptibil-
ity. Its residual resistane ratio ρ(300K)/ρ(8K) = 1.85
and the shape of the ρ(T ) urve are typial for MgCNi3
powder samples.
1,8,9
It should be noted, that the sample
of Fig. 4 has a resistivity of ρ300K = 2.1 mΩm whih is
muh too large in order to be intrinsi.
A natural explanation for the high resistivity of the
investigated sample whih was not subjeted to high
pressure sintering is a relatively large resistane of
the grain boundaries.
9
In this ontext the reent low-
resistivity thin lm data (with ρ0 down to 20 µΩm) by
Young et al.
14
are of interest, sine in that ase similar
values of the upper ritial eld and T

just as in the best
powder samples
8
have been observed.
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FIG. 4: Resistivity as a funtion of temperature of the
MgC
1.6Ni3 sample up to room temperature. The inset shows
the superonduting transition region.
B. Spei heat
Spei heat measurements were performed in order
to get information about the superonduting transition,
the upper ritial eld and the superonduting pairing
symmetry and the strength of the eletron-phonon ou-
pling from thermodynami data. In Fig. 5 spei heat
data, 
p
/T vs. T 2, are shown for applied magneti elds
up to 8 T. The previously mentioned (see Se. III) 10
vol.-% graphite impurity ontribution was subtrated a-
ording to Ref. 26.
The spei heat an be onsidered as a sum of a lat-
tie ontribution and a linear-in-T term whih gives the
eletroni ontribution with γ⋆
N
as the Sommerfeld pa-
rameter:

n
(T ) = γ⋆
N
T + 
lattie
(T ). (2)
To extrat the lattie ontribution of the normal state
spei heat the low temperature limit

lattie
(T ) = βT 3 (3)
of the Debye model is usually applied. A t of Eq. (2) to
the data is shown in Fig. 5 resulting the parameters β =
0.39 mJK2/mol and γ⋆
N
= 27.0 mJ/molK2. Notie, that
the Sommerfeld parameter is onneted to the eletron-
phonon oupling strength by γ⋆
N
= γ0 (1 + λph). With
γ0 = 11 mJ/molK
2
(Se. II), one obtains λ
ph
= 1.45
in ontradition with reently reported medium oupling
results.
1,15
From the lattie ontribution the Debye tem-
perature Θ⋆
D
= 292 K was derived. Both parameters
(Θ⋆
D
, γ⋆
N
) are onsistent with what has been reported so
far.
13,15
The t desribes the normal state data above
T

but its extrapolation to T = 0 K obviously underesti-
mates the high-eld data (see Fig. 5).
The transition temperature, T

= 6.8 K, alulated
from entropy onservation riterion, agrees well with the
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FIG. 5: Spei heat data 
p
/T vs. T 2 of MgC1.6Ni3 mea-
sured at various magneti elds up to 8 T. The dashed line
is a t of the Debye approximation to the data for H = 0 T
above T

. Its intersetion with the 
p
/T -axis gives the Som-
merfeld parameter γ⋆
N
= 27 mJ/molK2 (see text).
transition temperatures T

= 6.9 K and T

= 7.0 K de-
rived from resistane and from a suseptibility data, re-
spetively.
The jump ∆(T = T

) of the spei heat is
given by the dierene between the experimental data,

p
(T ) and the normal state spei heat ontribution

n
(T ). Notie that the experimental value of the jump,
∆(T

)/ (γ
N
T

) = 2.09 (derived from an entropy onserv-
ing onstrution  see Se. VC) is strongly enhaned
ompared to the BCS value (1.43), indiating strong
eletron-phonon oupling.
C. Superonduting transition and upper ritial
eld
The eld dependene of the eletrial resistane of our
investigated sample is shown in Fig. 6 for several tem-
peratures between 1.9 . . . 6.0 K. A sharp transition is ob-
served. It remains sharp down to low temperatures. In
Fig. 7, the eld valuesH10, H50 andH90 dened at 10 %,
50 % and 90 % of the normal state resistane are plotted
as funtion of temperature. Idential results have been
found from resistane-vs.-temperature transition urves
measured at dierent magneti elds. Additionally, Fig.
7 shows upper ritial eld data determined from a sus-
eptibility measurements, Hsus
2 , determined by an onset
riterion.
It is learly seen that for the investigated sample Hsus
2
agrees approximately with H10. A similar behavior was
already observed for MgB2, whereas in the ase of rare-
earth nikel boroarbides the onset of superondutivity
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FIG. 6: Resistivity of the MgC
1.6Ni3 sample as a funtion of
the applied magneti eld for various xed temperatures as
labeled.
determined from a suseptibility was typially found to
agree well with the midpoint value (H50) of the normal
state resistivity. The width ∆H = H90 −H10 of the su-
peronduting transition urves in Fig. 6 (and Fig. 7)
remains, with ∆H ≃ 0.6 T, almost unhanged down to
low temperatures. A non-textured polyrystalline sample
of a strongly anisotropi superondutor shows a gradual
broadening of the superonduting transition with de-
reasing temperature as was observed, for example, for
MgB2.
27
Therefore, the nearly onstant transition width
∆H observed for the investigated sample an be on-
sidered as an indiation of a rather small anisotropy of
H
2(T ) in MgCNi3.
The upper ritial elds, H
2(T ), determined from the
spei heat data, are shown in Fig. 8. The Hc2(T )
data obtained from the spei heat are loated in the
small eld range between the H90(T ) and H10(T ) urves
determined from resistivity measurements (see Fig. 6).
The extrapolation of H90(T ) to T = 0 K yields an up-
per ritial eld of H
2(0) ≃ 11.0 T (see Fig. 7). The
observed temperature dependene of the upper ritial
eld is typial for H
2(T ) data reported for MgCNi3 so
far
16
and was desribed
8,13,15
within the standard WHH
model
28
by onventional superondutivity. However,
a quantitative analysis of H
2 data presented in Se.
VIA shows that the magnitude of the upper ritial eld
H
2(0) at T = 0 K an be understood only if strong
eletron-phonon oupling is taken into aount.
V. ANALYSIS
A. Resistivity in the normal state
The non-intrinsi origin of the residual resistivity
ρ0K ≈ 1.13 mΩm follows from physially reasonable val-
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FIG. 7: The upper ritial eld as a funtion of temperature.
The irles show the midpoint of the transition (H50). The
two lines labeled H10 and H90 denote 10 % and 90 % of normal
state resistivity. The triangles represent the upper ritial
eld from suseptibility measurements (onset values). The
dashed line illustrates the extrapolation of the resistivity data
to T = 0 K.
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FIG. 8: Comparison of upper ritial eld data determined
from spei heat (●) and resistane measurements. H10 and
H90 were determined at 10% and 90% of the normal state
resistivity, respetively. An entropy onserving onstrution
was used to determine the upper ritial eld from the spei
heat data of Fig. 5.
ues for the mean free path l given by
l
imp
=
4piv
F
ω2
pl
ρ0
or in more onvenient pratial units
l
imp
[nm] = 4.9× 102 vF
[
107 m/s
]
(~ω
pl
[eV])2 ρ0 [µΩm]
, (4)
TABLE I: Debye and Einstein temperatures with orrespond-
ing oupation numbers. Di denote the aousti phonons and
Ei the optial phonons. Θ gives the orresponding tempera-
ture and ν
i
is the grouping parameter, giving the number of
modes found to have the same temperature.
aousti modes optial modes
D1 D2 E1 E2 E3 E4 E5
Θ [K] 129 316 86 163 256 472 661
νi 1 2 0.33 2.67 3 3 3
with ρ0 as the residual resistivity. In the isotropi sin-
gle band (ISB) ase, with v
F
= v
tr,ISB ≈ 2 × 107 m/s
and the plasma energy ~ω
pl
≈ 3 eV (see Se. II), one ar-
rives at the onlusion, that in fat, in the mΩm range,
typial for most powder samples onsidered so far in
the literature, even at T = 0 K the mean free path l
 given by Eq. (4)  would be smaller than the lattie
onstant a ≈ 0.38 nm in obvious onit with the well-
known Joe-Regel limit l ≥ a.29,30 In other words the
maximal intrinsi resistivity is given by ρmax0 [mΩm] ≈
1.3v
F
[
107 m/s
]
/ (~ω
pl
[eV])
2
= 0.29 mΩm in the ISB
dirty limit. Suh resistivities (0.33 mΩm) have been re-
ported in most heavily (neutron) irradiated samples by
Karkin et al.
31
B. Spei heat in the normal state
In order to desribe the spei heat data in the normal
state in an extended temperature range T

< T < 30 K,
the Debye low temperature limit approximation for the
lattie ontribution (see Eq. (3)) was replaed by

lattie
(T ) = 
D
(T ) + 
E
(T ).
Here,

D
(T ) = Σ3i=1 3R
(
T
Θ
Di
)3 ∫ Θ
Di/T
0
dx
e
xx4
(ex − 1)2
stands for the Debye model
32,33
desribing the 3 aousti
phonon branhes, whereas the Einstein model
32,33

E
(T ) = Σ15i=4 R
(
Θ
Ei
T
)2
exp (Θ
Ei/T )
[exp (Θ
Ei/T )− 1]2
desribes the 12 optial branhes.
We found that the 9 energetially lowest phonons (3
aousti and 6 optial modes) are suient to desribe
the normal state spei heat up to T = 30 K. The result
of the t is shown in Fig. 9. The Sommerfeld parameter
onverged to γ⋆
N
= 31.4 mJ/molK2, greater than deter-
mined from Fig. 5. Spei heat measurements up to
T = 300 K on another piee from the initially prepared
sample (whih are not presented here) give the remain-
ing 6 optial mode temperatures. The obtained Debye
and Einstein temperatures and the belonging grouping
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FIG. 9: Spei heat data 
p
(T )/T vs. T 2 for zero magneti
eld in the temperature range up to 30 K. The solid line is
a t of the lattie model (see text for details), showing very
good agreement with the data for T

< T < 30 K.
parameters νi are summarized in Tab. I. The phonon en-
ergies are in good agreement with reent alulations.
22
The orresponding phonon spetrum has the form
33
F
ph
(ω) = 3ω2
[
ν
D1
θ (Ω
D1 − ω)
Ω3
D1
+ ν
D2
θ (Ω
D2 − ω)
Ω3
D2
]
+
+
5∑
i=1
ν
Ei√
2piσ2i
exp
[
− (ω − ΩEi)
2
2σ2i
]
,
where θ(x) is the well known step-funtion and Ω denotes
the orresponding ut-o temperatures in meV.The re-
sult inluding higher optial modes is shown in Fig. 10.
Our model parameters even reprodue the rather om-
plex phonon dispersion along the Γ-X diretion in the
rst Brillouin zone at low phonon energies, as an be seen
from Fig. 11, where the used model is ompared with al-
ulations reported by Ignatov et al.
22
Even though our
model only involves onstant and linear dispersion by
the Einstein and Debye model, respetively, the alu-
lated phonon dispersion (right panel) is well reprodued
(left panel), by means of superpositions of aousti and
opti phonon modes. The high-energy opti phonons ob-
tained from the model are shifted to lower energies than
predited by the alulations. The shift is most proba-
bly aused by anharmoni eets, whih usually inrease
spei heat data at higher temperatures.
22
To investigate the eletron-phonon oupling strength,
the eletron-p honon interation funtion α2F
ph
(ω) is
of interest. The oupling funtion α2(ω) is usually ex-
trated from tunneling measurements. In the ase of A15
ompounds
34
and some boroarbides,
35 α2(ω) is found to
be of the form α2(ω) = δ/
√
ω, with a saling parameter δ.
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FIG. 10: Shemati phonon model spetrum F
ph
(ω) for
MgC1.6Ni3 derived from t parameters aording to Tab. I.
The peak width of the optial modes was hosen arbitrarily
as σ2
i
= 1.
FIG. 11: Phonon dispersion along Γ-X diretion in the rst
Brillouin zone. a) Our model with aousti phonons (blak
lines) and opti phonons (dashed lines) aording to Tab. I,
b) Calulations reported by Ignatov et al. after Ref. 22.
Within this approah the logarithmially averaged mean
phonon frequeny ω
ln
was determined from
ω
ln
= exp
(
2
λ
ph
∫ ∞
0
dω
α2(ω)F (ω)
ω
lnω
)
,
λ
ph
= 2
∫ ∞
0
dω
α2(ω)F (ω)
ω
(5)
as ω
ln
= 143 K. This frequeny is used in the well known
8MMillan formula (rened by Allen and Dynes)
36
T

≈ ωln
1.2
exp
[
− 1 + λph
λ
ph
− µ⋆ (1 + 0.6λ
ph
)
]
(6)
to estimate the eletron-phonon oupling onstant λ
ph
.
µ⋆ denotes the usually weak Coulomb pseudopotential
whih has been hosen as µ⋆ = 0.13 in this ase.
With T

= 6.8 K the eletron-phonon oupling onstant
amounts λ
ph
= 0.84, suggesting moderate oupling as
proposed, for instane in Refs. 1 and 15. However, the
low value of λ
ph
estimated from Eq. (6) is in ontradi-
tion with our spei heat data as already mentioned in
Se. IVB. In partiular, λ
ph
= 1.45 was derived from
the ratio γ⋆
N
/γ0 and also the high value of the super-
onduting jump ∆(T

)/(γ
N
T

) = 2.09 indiates strong
eletron-phonon oupling. Strong eletron-phonon ou-
pling was also predited by Ignatov et al.
22
(λ
ph
= 1.51)
on the base of the alulations mentioned above.
In this ontext a more preise analysis of the low tem-
perate normal state spei heat data is required. As an
be seen from the dashed line in Fig. 12, the extended
lattie model does not desribe the magneti eld data.
Even larger deviations are observed if the experimental
data are desribed within the low temperature limit of
the Debye model (see Fig. 5). Lin et al.
15
who found
a similar upturn of the experimental data at low tem-
peratures tried to explain this behavior by the presene
of Ni impurities. However, our x-ray analysis (see Fig.
3) shows no indiation for Ni impurities in our sample.
Reently, Shan et al.
16
found that the mentioned upturn
an be easily redued by lowering the arbon ontent.
They attributed the observed upturn to some kind of bo-
son mediated eletron-eletron interations in MgC
x
Ni3.
This argument motivated us to searh for other possi-
ble soures to explain the low temperature upturn of the
normal state spei heat data.
The easiest explanation is an additional eletron-boson
interation whih may be an
1. eletron-phonon interation originating from addi-
tional phonon-softening of the lowest aousti mode
(suggested by Ignatov et al.
22
and veried experi-
mentally by Heid et al.
37
) and / or
2. eletron-paramagnon interation (see Se. I).
Spei heat measurements let not learly distinguish
between these possible origins, but sine magnetization
measurements on our sample (not presented here) show
inreasing spin utuations below ∼ 30 K in aord with
previous statements (see Se. I), the fous in this pa-
per lies on the eletron-paramagnon interation senario.
This is additionally supported by a small magneti eld
dependene of the spei heat data, typially found in
the presene of ferromagneti spin utuations.
Within Eliashberg theory the renormalized normal
state spei heat is desribed by the temperature de-
pendent thermal mass ∆m⋆ (T ) /m
band
. Its ontribution
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FIG. 12: Low temperature normal state total and eletroni
spei heat inluding eld measurements (0.5 T (H), 2 T (★),
4 T (), 6 T (N) and 8 T (●)). Left panel: Spei heat data

p
(T )/T vs. T 2. Dotted line: Extended lattie model de-
sribing the zero eld data (see Fig. 9). Solid line: Fit of the
model (inluding lattie and paramagnon ontribution) to the
data. Right panel: eletroni spei heat γ
N
(T ) vs. T in the
normal state. Blak line: Sommerfeld parameter γ
N
(T ) of
the model (see text for details), desribing the observed up-
turn of the spei heat at low temperatures. Dotted line:
Qualitative model for spin utuations aording to Eq. (8).
to the spei heat is given by
∆γ
sf
(T ) =
∆m⋆ (T )
m
band
γ0,
with
38
∆m⋆ (T )
m
band
=
6
pik
B
T
∫ ∞
0
dωα2F (ω) {−z
− 2z2Im [ψ′(iz)]− z3Re [ψ′′(iz)]} ,
where ψ(iz) is the digamma funtion and z =
ω/ (2pik
B
T ). The additional eletron-paramagnon inter-
ation funtion is of the form
α2F
sf
= aωθ (Ω
P
− ω) + b
ω3
θ (ω − Ω
P
) . (7)
A orresponding t results in a paramagnon-model tem-
perature of Ω
P
≈ 2.15 meV⇒ Θ
P
≈ 25 K with a thermal
mass of ∆m⋆(T = 0 K)/m ≈ 0.43, whih is of the same
order of magnitude as determined by Shan et al.
16
. Sine
this low energy exitation onerns the eletroni part of
the spei heat, we add it to the Sommerfeld parameter
whih than beomes temperature dependent. The ele-
troni ontribution to the spei heat inreases from ini-
tially γ⋆
N
= 31.4 mJ/molK2 to γ
N
(0) = 36.0 mJ/molK2.
This is understandable sine the paramagnon interation
dominates in the temperature range below 10 K. The
blak line in Fig. 12 shows the good agreement of this
extended model with the experimental data in the low
temperature region. The magneti eld dependene of
9the paramagnons (whih in addition an be temperature-
dependent) is not inluded in the model. In the following
γ
N
(T ) is denoted as γ
N
for the sake of simpliity.
The usually applied model
γ
N
∝ δT 2 ln (T/T0) , (8)
to desribe spin utuation behavior is shown in the right
panel of Fig. 12 for omparison.
At this point the question of the strength of the
oupling may be reheked. Inluding the additional
eletron-paramagnon interation, the Allen-Dynes for-
mula Eq. (6) beomes
T

≈ ωln
1.2
exp
[
− 1 + λ
λ
ph
− λ
sf
− µ⋆ (1 + 0.6λ
ph
)
]
, (9)
with λ = λ
ph
+ λ
sf
. Using ω
ln
= 143 K, T

= 6.8 K,
µ⋆ = 0.13 and λ
sf
= 0.43, the eletron-phonon ou-
pling onstant rises to λ
ph
= 1.85. Using this value,
the eletron-phonon interation funtion based on the ap-
proah α(ω) = δ/
√
ω an now be determined by saling
the fator δ aording to Eq. (5). The eletron-boson
interation funtions α2F
ph
(ω) and α2F
sf
(ω) are shown
in Fig. 13.
The reliability of the model approah for the eletron-
phonon oupling funtion α(ω) = δ/
√
ω an diretly be
heked from the band struture, using the ratio between
the Sommerfeld parameter γ
N
(0) = 36.0 mJ/molK2 and
the free eletron parameter γ0 = pi
2k2
B
N(E
F
)/3 =
11.0 mJ/molK2,
γ
N
(0)
γ0
= (1 + λ
ph
+ λ
sf
) . (10)
With λ
sf
≈ 0.43, the eletron-phonon oupling onstant
beomes λ
ph
≈ 1.9, showing very good agreement be-
tween both approahes.
In the next setion, the analysis of the spei heat in
the normal state will be extended to the superonduting
state.
C. Spei heat in the superonduting state
Fig. 14 shows the superonduting par t of the ele-
troni spei heat ∆(T ) = 
p
(T ) − 
n
(T ), obtained
from the zero-eld data. The superonduting transition
temperature T

= 6.8 K has been estimated by an en-
tropy onserving onstrution (dashed line in Fig. 14).
This value agrees well with the transition temperatures
T

= 6.9 K and T

= 7.0 K, derived from resistane and
from a suseptibility data, respetively. The onserva-
tion of entropy, ∆S(T ) =
∫ T

0
(∆/T )dT, is shown in the
inset of Fig. 14. It was already mentioned, that the high
value of the jump ∆(T

)/(γ
N
T

) = 2.09 found for the
investigated sample an be explained by strong eletron-
phonon oupling. Nevertheless, we will start to analyze
∆(T ) for T < T

/2 within the BCS theory, sine the de-
viation from the weak-oupling temperature dependene
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FIG. 13: Eletron-phonon interation funtion α2F
ph
(ω) for
MgC1.6Ni3. Phonon energies are marked by Ei, respetively
Di (see Fig. 10 and Tab. I). Inset: Eletron-paramagnon
interation funtion α2F
sf
(ω) aording to Eq. (7), the para-
magnon energy is marked by P.
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troni spei heat data ∆/T vs. T in the
superonduting state (lled 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orresponds to Eq. (11).
Dotted line: Entropy 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tion to get the ide-
alized jump. Inset: Entropy onservation for the eletroni
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i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.
of the gap is mainly restrited to the viinity of the jump.
The temperature dependene of ∆(T ) = 
p
(T )− 
n
(T )
in the weak-oupling BCS theory (T

≪ ω
ln
) is given by
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FIG. 15: Normalized eletroni spei heat ontribution vs.
T

/T . The blak line is a t of Eq. (12) to the experimental
data. The inset shows a t of the two-band approximation
given by Eq. (13).
an approximative formula
∆(T ) = 8.5γ
N
T

exp
(
−0.82∆BCS(0)
k
B
T
)
− γ
N
T, (11)
valid in the temperature range of 2 < T

/T < 6 orre-
sponding in this ase to 1 K < T < 3.4 K. Eq. (11)
an be tted to the data by using the phenomenologi-
al gap 2∆
exp
/k
B
T

= 3.75, slightly exeeding the BCS
weak oupling predition 2∆
BCS
(0)/k
B
T

= 3.52. The
t, whih is shown as blak line in Fig. 14, desribes the
experimental data in the range of 2 K < T < 3.5 K quite
well.
To examine the temperature dependene of the ele-
troni spei he at

el
= 
p
(T )− 
lattie
(T )
= ∆(T ) + γ
N
T

at H = 0 in detail, 
el
(T )/γ
N
T

is plotted logarithmially
vs. T

/T (Fig. 15). The orresponding formula to Eq.
(11) reads

el
(T )
γ
N
T

= 8.5 exp
(
−0.82∆exp
k
B
T
)
, (12)
if ∆
BCS
(0) is replaed by ∆
exp
. The blak line in Fig. 15
is a t of Eq. (12) to the experimental data, whih show
an exponential temperature dependene at low tempera-
tures (T

/T ≥ 2). This is a strong indiation for s -wave
superondutivity in MgC1.6Ni3. A natural explanation
for the disrepany from the expeted BCS gap value
of 2∆
BCS
(0)/k
B
T

= 3.52 to the experimentally found
2∆
exp
/k
B
T

= 3.75 emerges from
1. the two-band harater of MgC1.6Ni3 and
2. the enhaned eletron-phonon oupling.
The eletroni spei heat an be analyzed within a two-
gap model, simply by extending Eq. (12) with a seond
gap

el
(T )
γ
N
T

= 8.5
[
0.85 exp
(
−0.82 ∆1
k
B
T
)
+ 0.15 exp
(
−0.82 ∆2
k
B
T
)]
, (13)
using 85 % ontribution for the hole band and 15 % on-
tribution for the eletron band. The dotted line in Fig.
15 shows this t for two gaps with 2∆1/kBT = 3.67 (t-
ted parameter) and 2∆2/kBT = 4.50 (xed parameter).
This situation is nearly indistinguishable from the single
band model (see inset of Fig. 15). The two-gap model
is of onsiderable interest, sine in this ase the large
gap found in reent tunneling measurements of Ref. 13
(2∆/k
B
T

= 4.6) and Ref. 17 (2∆/k
B
T

= 4.3) is repro-
dued.
Even the lower gap of the two-gap model exeeds the
BCS weak-oupling limit. This and the strongly en-
haned spei heat jump ∆(T

) are lear indiations
of strong eletron-phonon oupling in aordane with
our normal state spei heat analysis. Thus it is now
straightforward to investigate the eletron-phonon ou-
pling strength and thus, the harateristi phonon fre-
queny ω
ln
, introdued in Se. VB, from the super-
onduting state harateristis. The Eliashberg theory
provides the following approximate formulas, whih in-
ludes strong oupling orretions within an isotropi sin-
gle band model and links x = ω
ln
/T

to experimental
thermodynami quantities:
20
2∆(0)
k
B
T

= 3.53B0 (x) , (14a)
∆(T

)
γ
N
T

= 1.43B1 (x) , (14b)
∆(T )−∆(T

)
γ
N
T

− γ
N
T
= −3.77B2 (x) , (14)
γ
N
T 2

H2

(0)
= 0.168B3 (x) , (14d)
H

(0)
dH

dT
∣∣
T

T

= 0.576B4 (x) . (14e)
The orresponding logarithmi orretion terms are given
by
B0(x) = 1 + 12.5x
−2 ln
x
2
, (15a)
B1(x) = 1 + 53x
−2 ln
x
3
, (15b)
B2(x) = 1 + 117x
−2 ln
x
2.9
, (15)
B3(x) = 1− 12.2x−2 ln x
3
, (15d)
B4(x) = 1− 13.4x−2 ln x
3.5
. (15e)
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FIG. 16: Temperature dependene of the thermodynami rit-
ial eld H

(T ) (lled irles) derived from the eletroni spe-
i heat in the superonduting state using Eq. (16). Solid
line (0 < T < 3.4 K): Single band model aording to Eq.
(12). Dotted line: Idealized jump onstrution (see Fig. 15).
Inset: Derivative dH

/dT vs. T (lled irles) and idealized
jump (dotted line).
Now, using Eq. (14a), T

= 6.8 K and the gap value
∆
exp
(2 K) = 1.10 meV , one arrives at ω
ln
= 149 K.
Using the value of the idealized jump of the spei
heat, ∆(T

)/ (γ
N
T

) = 2.09 in Eq. (14b) with T

=
6.8 K, ω
ln
= 88 K is derived.
Comparing the linear slope of the idealized spei
heat in the superonduting state of −6.7, obtained from
Fig. 14 with Eq. (14), one gets ω
ln
= 109 K.
In view of strong-oupling eets the ratio
γ
N
T 2

/H2

(0), implying again only thermodynami
quantities, is of interest. Known superondutors show
values between 0.17 . . .0.12 ranging from weak to strong
oupling, respetively (see for example page 1086 of
Ref. 20). The thermodynami ritial eld H

(T ) an
be determined with the help of the Gibbs free energy
dF = −SdT −MdB as
H

(T ) =
√
−8pi∆F. (16)
∆F is to be extrated from the spei heat in the su-
peronduting state, ∆(T ) = −Td2(∆F )/dT 2 . The
temperature dependene of H

(T ) is shown in Fig. 16.
With H

(0) = 179.6 mT we found γ
N
T 2

/H2

(0) = 0.155.
From Eq. (14d) we get ω
ln
= 110 K (with T

= 6.8 K).
Next, from the derivative of the thermodynami
ritial eld at zero temperature, dH

/dT the ratio
H

(0)/
(
dH

(T )/dT |T

T

)
an be estimated. The value
at T = T

(of the idealized jump onstrution), amounts
dH

(T )/dT |T

= 50.236 (see dashed line in the in-
set of Fig. 16). Using the experimental value of
H

(0)/
(
dH

(T )/dT |T

T

)
= 0.525 in Eq. (14e), a value
of ω
ln
= 102 K is extrated.
It should be noted that Eqs. (14a) and (14e) an be
used to estimate the value of the gap ∆(0) from the
thermodynami ritial eld H

(0), due to similar de-
pendenes on strong oupling orretions:
39(
T
H

(0)
dH

(T )
dT
)∣∣∣∣
T=T

≈ ∆(0)
k
B
T

.
Using dH

(T )/dT |T

= 50.236, we get 2∆(0)/k
B
T

≈
3.80, agreeing well with the single band result
2∆
exp
/k
B
T

= 3.75 of Eq. (12).
In summary, ω
ln
was estimated from ve dierent
thermodynami relations, only involving experimental
results. The mean value ω
ln
= (111 ± 23) K is in
good agreement with alulations of Ignatov et al.
22
An
overview of the results is given in Fig. 17. Note, that a
similar analysis was already suessfully used to desribe
some boroarbide superondutors.
35,40
The mean value ω
ln
, derived from the superondut-
ing state is somewhat smaller than the normal state re-
sult, ω
ln
= 143 K. This may be attributed to an ad-
ditional phonon softening ontribution or the approxi-
mative approah of the eletron-phonon oupling fun-
tion α2(ω) (see Se. VB). Nevertheless by heking Eq.
(9) with ω
ln
= (111 ± 23) K, T

= 6.8 K, µ⋆ = 0.13
and λ
sf
= 0.43 the eletron-phonon oupling onstant
beomes λ
ph
= 1.9 . . . 2.3, whereas λ
ph
= 1.85 was de-
rived from ω
ln
= 143 K for the same parameters. It
should be noted here, that Eqs. (14) were derived assum-
ing a small value for the Coulomb pseudopotential µ⋆,
whih is oversimplied onsidering enhaned eletron-
paramagnon oupling found in this analysis. A rough or-
retion would shift the harateristi phonon frequeny
ω
ln
to slightly higher values and a oupling onstant of
λ
ph
≈ 1.9 seems to be most likely. Note that a similar
analysis was already suessfully used to desribe some
boroarbide superondutors.
35,40
The analysis of the thermodynami properties of
MgCNi3 presented so far learly points to strong eletron-
phonon oupling. However, the temperature depen-
dene of the thermodynami ritial eld H

(T ) shown in
Fig. 16 strongly deviates from analogous data for well-
known strong oupling superondutors suh as Hg or
Pb. H

(T ) is usually analyzed in terms of the deviation
funtion D(t) = H

(T ) = H

(0)
(
1− t2) with t = T/T

.
The deviation funtion of the above mentioned strong
oupling superondutors is positive and goes through
a maximum at t2 ≈ 0.5. The deviation funtion of
MgCNi3 is shown in Fig. 18. Instead of the expeted
positive sign, D(t2) of MgCNi3 beomes negative already
above about 0.3T

. The shape of the deviation funtion
of MgCNi3 losely resembles that one of Nb having an
eletron-phonon oupling strength of λ
ph
≈ 1.0. We re-
mind the reader that the weak oupling BCS model yields
a negative maximum deviation of ≈ 3.8 % (see Fig. 18).
Thus, at rst glane, our result seems to be in ontradi-
tion with the strong eletron-phonon oupling suggested
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FIG. 17: Several thermodynami quantities in dependene
on the harateristi phonon frequeny ω
ln
aording to Eqs.
(14) and (15). Filled irles: thermodynami quantities es-
timated for MgC1.6Ni3 from experimental data. Strong dis-
repanies are found within the low temperature Debye limit
(lled squares). Note that the weak-oupling limit is reahed
in the asymptoti extrapolation ω
ln
→∞.
above. It turns out that this ontradition an be re-
solved, taking into aount a splitting of the eletron-
phonon interation funtion in a high and a low (soft)
energy part. This is illustrated in Fig. 19, where a two
phonon peak spetrum with equal oupling strengths of
both peaks loated at ω1 and ω2 has been analyzed in the
strong oupling ase of λ
ph
≈ 2 under onsideration. The
theoretial urves alulated within the ISB are shown
for dierent frequeny ratios ω1/ω2. For ω1/ω2 ≈ 8, the
standard strong oupling behavior, namely a positive
deviation funtion, is ompletely removed and the devi-
ation funtion beomes negative. Considering the low
energy modes E1 and D1, found in the analysis of the
spei heat in the normal state (see Figs. 10 and 13),
this situation is easily imaginable to be valid in the ase
of MgCNi3.
In the superonduting state a linear-in-T eletroni
spei heat ontribution γ(H)T arises from the normal
onduting ores of the ux lines for applied magneti
elds H > H
1.
This ontribution an be expressed as γ(H)T =

p
(T,H)− 
p
(T, 0),42 where 
p
(T, 0) is the spei heat
2)c = (T / T2t
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FIG. 18: Deviation funtion of the thermodynami ritial
eld of MgC
1.6Ni3 (lled irles) as funtion of (T/T)
2
. The
solid line for 0 < T < 0.34 K orresponds to Eq. (12), the dot-
ted line orresponds to the idealized jump onstrution (see
Fig. 14). For omparison, the weak oupling BCS result
41
is
shown.
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FIG. 19: Normalized deviation funtion alulated within the
Eliashberg theory for an idealized two-peak phonon spetrum
loated at ω1 and ω2 with equal eletron-phonon oupling
parameters λ1 = λ2 = 1 and strong total oupling parameter
of λ
ph,tot = 2. Shown are results for ω1/ω2 = 2, 4 and 8.
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FIG. 20: Normalized eld-dependent Sommerfeld param-
eter γ(H)/γ
N
plotted against H/H
2(0). Filled irles:
γ(H)/γ
N
= [
p
(T,H)− 
p
(T, 0)] /γ
N
at T = 2 K for dif-
ferent applied magneti elds. The blak line is a t of
γ(H)/γ
N
= (H/H
2(0))
0.7
using H
2(0) = 11 T and γN at
T = 2 K.
in the Meissner state. Spei heat data for MgC1.6Ni3
at T = 2 K were analyzed in order to derive the eld
dependene of γ(H). In Fig. 20, the obtained γ(H)/γ
N
is plotted against H/H
2(0) using H2(0) = 11.0 T.
The eld data of 
p
/T shown in Fig. 20 an be de-
sribed in aord with results from Ref. 15 by the expres-
sion γ/γ
N
= (H/H
2(0))
0.7
whih diers from the linear
γ(H) law expeted for isotropi s-wave superondutors
in the dirty limit.
A non-linear eld dependene lose to γ(H) ∝ H0.5
has been reported for some unonventional superondu-
tors with gap nodes in the quasipartile spetrum of the
vortex state as YBa2Cu3O7,
43
and in the heavy fermion
superondutor UPt3,
44
but also in some lean s-wave
superondutors as CeRu2,
45
NbSe2
42,46
and the boro-
arbides RNi2B2C (R = Y, Lu).
47,48
Deloalized quasi-
partile states around the vortex ores, similar as in d -
wave superondutors, seem to be responsible for the
non-linear γ(H) dependene in the boroarbides.49,50
D. The main superonduting and thermodynami
parameters
In this subsetion we ollet the values of the main
physial parameters we have found experimentally and
ompare them with available data in the literature. In
order to make this omparison as omplete as possible
we estimate (alulate), from our data and from those of
Ref. 13, the lower ritial eld H
1(0) and the penetra-
tion depth λ
L
(0) at zero temperature adopting the appli-
ability of the standard Ginzburg-Landau (GL) theory.
TABLE II: Main superonduting and thermodynami ele-
troni parameters for MgCNi3.
Present work
a
Ref. 51
a
Ref. 13
b
Ref. 52
b
T

[K] 6.8 6.4 7.63 7.3
H
2(0) [T] 11 11.5 14.4 16
H

(0) [T] 0.18 0.29±0.04 0.19 0.6
H
1(0) [mT] 11.3

23±7
 10.0 12.6d
ξ
GL
(0) [nm] 5.47 5.4 4.6 4.5
κ(0) 43.3 29.0±5.0 54.0 51
λ
L
(0) [nm] 237. 154±26d 248. 230.0
γ
N
[ mJ
molK
2 ] 31.4 33.6 30.1
∆
γ
N
T

2.09 1.97 2.1
Θ⋆
D
[K] 292 287 284
ω
ln
[K] 143 135.e 161.e
a
Using a parabolially extrapolated H
2(0) value.
b
Using the artiial WHH estimate for H
2(0).

Calulated.
d
Measured.
e
Calulated (Eq. (9) using λ
ph
= 1.85, λ
sf
= 0.43, µ⋆ = 0.13).
Within this theory the penetration depth is given by the
relation
λ
L
(0) = κ(0)ξ
GL
(0), (17)
where the Ginzburg-Landau oherene length ξ
GL
(0) and
the Ginzburg-Landau parameter κ are related to the up-
per and the thermodynami ritial elds as:
ξ
GL
(0) =
√
Φ0/2piH2(0),
κ(0) =
H
2(0)√
2H

(0)
,
with the ux quantum Φ0. With H2(0) = 11 T and
H

(0) = 180 mT (see Se. VC), ξ
GL
(0) = 5.47 nm and
κ(0) = 43.3 are obtained. Using theses values in Eq.
(17), the penetration depth is estimated to be λ
L
(0) =
237 nm. Our alulated value agrees well with measure-
ments performed by Prozorov et al.
18
resulting λ
L
(0) =
(250± 20) nm. It should be noted that Lin et al.15 mea-
sured a penetration depth of λ
L
(0) = (128 . . .180) nm
for their sample (see also Ref. 51), possible onsequenes
will be disussed in Se. VIA. To omplete the riti-
al eld analysis, the lower ritial eld H
1(0) an be
estimated using
H
1(0)H2(0) = H
2

(0) (lnκ(0) + 0.08) .
With H
2(0) = 11 T and κ(0) = 43.3 we get H1(0) =
11.3 mT, agreeing well with H
1(0) = 12.6 mT, mea-
sured by Jin et al.
52
The results are shown in Tab. II,
where for omparison result of Refs. 13, 51 and 52 have
been inluded. Comparing these sets one nds a general
qualitative aord.
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VI. THEORETICAL ANALYSIS AND
DISCUSSION
Naturally, the obtained parameter set is model depen-
dent. In this ontext even the ase of relatively simple
Fermi surfaes provides a diult task to solve the full
three(four)-dimensional Eliashberg problem with given
v
F
(
−→
k ) and α2F (
−→
k ,
−→
k′ , ω) for all physial quantities of in-
terest. However, the solution of this problem an be suf-
iently simplied for three pratially important ases:
1. the relatively simple standard isotropi single band
model (ISB), where v
F
(
−→
k ) is onstant and the
spetral funtion α2F depends only on the boson
(phonon) frequeny,
2. a separable anisotropi single band model whih
exploits the so alled rst order Fermi surfae har-
moni approximation and
3. the isotropi two-band model (ITB). The latter is
a straightforward generalization of the ISB with re-
spet to two order parameters.
Due to the present lak of single rystal samples we will
ignore the seond issue. In addition, the ubi struture
of MgCNi3 suggests only weak anisotropy eets.
A. The isotropi single band analysis
In the following setion the eletron-phonon oupling
strength λ
ph
is extrated from a simultaneous analysis of
the upper ritial eld and the penetration depth in terms
of the unknown impurity sattering rate γ
imp
[K]. Sine
the spei heat measurements do not learly harater-
ize MgCNi3 as a one- or multi-band superondutor, the
analysis starts within an ISB model. Within this model
the upper ritial eld H
2(0) is given by
53
H
2(0) [Tesla] = H
l
2(0)
[
1 +
0.13γ
imp
[K]
T

(1 + λ
ph
)
]
, (18)
where
Hl
2(0) [Tesla] = 0.0237
(1 + λ
ph
)2.2 T 2

[K]
v2
F
[
105m
s
] , (19)
and γ
imp
= v
F
/l
imp
is the sattering rate whih de-
termines the intrinsi resistivity (l
imp
denotes the or-
responding mean free path). The London penetration
depth inluding the unknown impurity sattering rate
γ
imp
is given by an approximative formula
λ
L
(0) ≈ λ˜
L
(0)
√
(1 + λ
ph
)
(
1 + 0.7
γ
imp
2∆
exp
)
(20)
≡ λ˜
L
(0)
√
(1 + λ
ph
)
(
1 + 0.7
γ
imp
T

T

2∆
exp
)
,
valid for λ
ph
< 2.5 (see App. A for the exat numerial
expression), with the bare lean limit London penetration
depth
λ˜
L
(0) =
c
ω
pl
≈ 197.3 nm
ω
pl
[eV]
. (21)
Using Eqs. (18) and (20), γ⋆
N
= γ0(1 + λph) and the
experimentally determined quantities from Tab. II, we
now will hek the appliability of the ISB model. For
this aim we onsider the ratio
R =
6.77× 10−6 · γ⋆
N
[
mJ
molK
2
] · λ2
L
(0)
[
nm
2
] · T 2

[
K
2
]
H
2(0) [Tesla] · V
[
Å
3
]
(22)
whih inludes the values of six experimentally read-
ily aessible quantities: the Sommerfeld oeient γ⋆
N
,
H
2(0), T, λL(0) and the volume of the unit ell. The
dependene of R on the parameter γ
imp
/T

an be ex-
pressed as
R =
1 + 0.35γ
imp
/∆(0)
(1 + λ
ph
)
0.2 {1 + 0.13γ
imp
/ [T

(1 + λ
ph
)]} (23)
In Fig. 21, the theoretial R(γ
imp
/T

) urves obtained
from Eq. (23) for several λ
ph
values are ompared with
the value of R derived from our experimental data whih
is represented in Fig. 21 as horizontal line. Crossing
points between the theoretial predition and the experi-
mental result, whih onrm the appliability of the ISB,
are found for λ
ph
≥ 0.8 at low sattering rates. Even in
the ase of higher eletron-phonon oupling onstants of
λ
ph
≈ 2, a lean limit senario with γ
imp
/T

≈ 1 is fa-
vored within the ISB analysis. Dirty limit (with weak or
medium oupling) as proposed in Ref. 15 an be exluded
from the R-hek in Fig. 21.
It is noteworthy that the proposed R-hek is muh
more onvenient than the similar Q-hek, proposed re-
ently by two of the present authors,
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sine the depen-
dene on λ
ph
is onsiderably weaker for R and, whih is
more important, R does not depend on the band stru-
ture alulation. Thus omparing the results derived
above with the expetations from these alulations, ad-
ditional information on the nature of superondutivity
in MgCNi3, may be extrated. From Eqs. (18) and (19),
the eetive Fermi veloity (in 107 m/s)
v
F
= 0.154 (1 + λ
ph
)1.1 T

[K]×
×
√
1 + 0.13γ
imp
[K] / [T

[K] (1 + λ
ph
)]
H
2(0) [Tesla]
is obtained. Using the very weak sattering rates
γ
imp
/T

≤ 1 derived above and the experimental values
H
2(0) = 11 T and T = 6.8 K, one estimates from Eq.
(24) v
F
≈ (0.60 . . .1.08)× 107 m/s for eletron-phonon
oupling onstants in the range of 0.8 ≤ λ
ph
≤ 2.0. Com-
paring this result with our band struture alulations
(see Se. II), one realizes onsistene with the averaged
15
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FIG. 21: Parameter R vs. γ
imp
/T

aording to Eq. (23) in
the range of eletron-phonon oupling onstants 0.8 ≤ λ
ph
≤
2.0. Horizontal dash-dotted line: Experimental result for
MgC
1.6Ni3 derived from Eq. (22).
v
h2,h = 1.07× 107 m/s from the two hole Fermi surfae
sheets (Se. II) for strong eletron-phonon oupling of
λ
ph
≈ 2.0. Thus, the relatively high value of the upper
ritial eld of H
2(0) = 11 T an be attributed to strong
eletron-phonon oupling for the hole subsystem. The
seond eletron band plays a minor role for H
2(0) due
to its muh faster Fermi veloities and the muh lower
partial density of states.
Having adopted the dominant hole piture, we also an
start from the band struture results, using the Fermi
veloity v
F,h and the plasma frequeny ωpl,h of the hole
band. Then we have to nd onsistent values of λ
ph
and
γ
imp
, whih desribe the H
2(0) and λL(0) data.
From the plasma frequeny of band 1, ~ω
pl,1 =
1.89 . . .1.94 eV (see Se. II), we get λ˜
L
(0) =
(101.7 . . .104.4) nm, using Eq. (21). With the empir-
ial values of λ
L
(0) = 237 nm and 2∆(0) ≈ 2∆
exp
=
2.2 meV
.
= 25.5 K for the superonduting gap (see Se.
VC), Eq. (20) depends only on γ
imp
and λ
ph,h (of the
hole band). The same applies to Eq. (18), using the
experimental values H
2(0) = 11 T, T = 6.8 K and
the alulated average Fermi veloity of the hole band,
v
h2,h = 1.07 × 107 m/s. The orrelation between γimp
and λ
ph,h, emerging from these two equations, is shown in
the left panel of Fig. 22. The intersetion of both graphs
gives λ
ph,h = 1.74 . . .1.78 and γimp = (31.0 . . .36.0) K.
Thus, we arrive at a higher, more realisti sattering rate
ompared with γ
imp
≈ T

obtained from the R-hek in
Fig. 21. The orresponding ratio
[(
H
2(0)/H
l
2(0)
)− 1],
giving the deviation of H
2(0) from the lean limit value
Hl
2(0), is plotted in the right panel of Fig. 22. One gets
Hl
2(0) ≈ (8.79 . . .9.07) T.
To summarize this part, already in the simplest possi-
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FIG. 22: Left panel: Correlation between impurity sattering
rate γ
imp
and eletron-phonon oupling onstant λ
ph,h derived
from Eq. (18) and Eq. (20) using H
2(0) = 11 T, T = 6.8 K,
v
F
= 1.07×107 m/s, λ
L
(0) = 237 nm, 2∆(0) ≈ 2.2 meV. The
point of intersetion of both urves marked by a lled square
points to an eletron-phonon oupling onstant of λ
ph,h =
1.74 . . . 1.78 in the investigated MgC1.6Ni3 sample. Right
panel: Ratio
[(
H
2(0)/H
l
2(0)
)
− 1
]
plotted against λ
ph,h.
The lled square again orresponds to λ
ph,h = 1.74 . . . 1.78.
From H
2(0) = 11 T one estimates H
l
2(0) ≈ (8.79 . . . 9.07) T
for the upper ritial eld in the lean limit.
TABLE III: Charateristi phonon frequeny and oupling
parameters derived by analyzing the experimental data of the
present MgC
1.6Ni3 sample.

p
analysis H
2 analysis
normal state
(Se. VB)
sl state
(Se. VC) (Se. VIA)
ω
ln
[K] 143 88 . . . 134
λ
ph
1.85 1.9 . . . 2.3 1.74 . . . 1.78a
λ
sf
0.43
a
Limited to band 1.
ble approah two general properties of MgCNi3 are de-
rived:
1. strong eletron-phonon oupling and
2. intrinsi lean limit at least for the hole subsystem.
Nevertheless, it should be noted that reent preliminary
measurements of the penetration depth by Lin et al.,
15
resulting in λ
L
(0) = (128 . . .180) nm are not ompatible
with the presented eetive single band analysis (see also
Ref. 51). Espeially the R-hek (Eqs. (22) and (23))
results in unphysial solutions (λ
ph
= 30 as a lower limit),
using the values presented in Ref. 15 and 51 (see as well
Tab. II). The onsequenes, if these measurements ould
be veried, remain unlear.
B. Strong oupling and enhaned depairing
Several results of our analysis of the experimental data
are summarized in Table III. The omparison of the esti-
16
mated λ
ph
values learly points to strong eletron-phonon
oupling. Nevertheless, the strong oupling senario re-
alized in MgCNi3 has been questioned.
1,15
The strong
eletron-phonon oupling found for MgCNi3 requires a
sizable depairing ontribution to explain the low T

value,
otherwise at least a twie as large T

would be expeted.
It is illustrative to ompare dierent approahes for the
alulation of T

to analyze the eletron-phonon oupling
strength under onsideration of the low temperature up-
turn of the spei heat in the normal state (see Se.
VB).
In a rst approah usually the low temperature De-
bye approximation is used to extrat the Debye temper-
ature whih we did in Se. IVB for omparison. Our
result of Θ⋆
D
= 292 K is in agreement with previous mea-
surements of Lin et al.,
15
Mao et al.
13
and alulations
of Ignatov et al.
22
(It should be noted, that our spei
heat data were orreted by arbon ontribution (see Fig.
3), without this orretion we arrive at Θ⋆
D
= 285 K). In
this analysis the MMillan formula
T

=
ω
D
1.45
exp
[
−1.04 1 + λph
λ
ph
− µ⋆ (1 + 0.62λ
ph
)
]
(24)
is usually applied. This approximation is only useful for
a speial phonon spetrum with ω
ln
/ω
D
≈ 0.6. In the
ase of MgCNi3 we found ≈ 0.30 . . .0.49 (orresponding
to ω
ln
≈ 88 . . .143 K) and the Allen-Dynes formula (Eq.
(6)) should be applied instead.
Fig. 23 ompares both equations using Θ⋆
D
≡ ω
D
=
292 K (dotted line) respetively ω
ln
= 143 K (dash-
dotted line). In both ases the Coulomb pseudopotential
was xed to µ⋆ = 0.13. Apart from the deviation between
Eq. (6) and Eq. (24) due to the ratio ω
ln
/ω
D
≤ 0.49,
both equations seem to result in a moderate eletron-
phonon oupling of λ
ph
= 0.67 . . .0.82 if no additional
pair breaking eets are onsidered.
However, we remind the reader, that the experimen-
tal and theoretial piture of MgCNi3 strongly indiates
strong eletron-phonon oupling and a spin utuation
ontribution. The solid line ompared to the dash-dotted
line in Fig. 23 shows that the dependene of T

on
λ
ph
is strongly inuened by pair-breaking ontributions
suh as the presene of enhaned eletron-paramagnon
oupling λ
sf
= 0.43. The same situation in the imag-
inable ase of purely stati pair-breaking, expressed by
µ⋆ = 0.4 is given by the dotted line. A very similar
result was reported by Ignatov et al.
22
who proposed a
phonon-softening senario with T

= 8 K, ω
ln
= 120 K,
λ
ph
= 1.51 and an enhaned µ⋆ = 0.33 due to spin utu-
ations. In any ase the superonduting transition tem-
perature is strongly suppressed by pair-breaking ontri-
butions.
T

of MgCNi3 would rise up to ≈ 20 K, if one somehow
ould suppress the eletron-paramagnon interation. In
that ase the eletron-phonon oupling would not be af-
feted and the dash-dotted line in Fig. 23 would beome
reality.
phλ
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FIG. 23: Variation of T

with λ
ph
without eletron-
paramagnon interation and normal Coulomb pseudopoten-
tial µ⋆ = 0.13 aording to Eq. (24) (dotted line) and Eq. (6)
(dash-dotted line) and with enhaned pair-breaking ontri-
bution aording to Eq. (9) by µ⋆ = 0.13 and λ
sf
= 0.43
(solid line), respetively µ⋆ = 0.4 and λ
sf
= 0 (dashed line).
The harateristi phonon frequenies are hosen from Se.
IVB (dotted line), Se. VB (dash-dotted line), respetively
Se. VC (solid and dashed line). The points of intersetion
of the urves with the horizontal line at T

= 6.8 K show
the eletron-phonon oupling strengths λ
ph
resulting in the
dierent approahes.
Within the phonon-softening senario,
22
whih was re-
ently observed in neutron-sattering measurements,
37
a
part of the low temperature spei heat anomaly may be
of phonon origin (as stated in Se. VB). In this piture
the eletron-paramagnon oupling would be redued with
the possibility of a paramagnon shift to higher tempera-
ture s. This is onsistent with ω
ln
≈ 100 K (lower limit
of the result from Se. VC) and an eletron-paramagnon
oupling onstant of λ
sf
≈ 0.25. Using these numbers in
Eq. (9) the eletron-phonon oupling onstant amounts
λ
ph
≈ 1.6. To nd the omposition of the phonon and
paramagnon ontribution to the upturn, low temperature
neutron-sattering measurements should be performed.
In this ontext we remind the reader, that spin utu-
ations are known to show a dependene on the applied
magneti eld, whih indeed is seen in Fig. 12.
C. Multi-band eets beyond the standard
approah
Multi- (two-) band (and similar anisotropy) eets for
several physial properties in the superonduting state
are in priniple well known for a long time,
54
espeially
17
for weakly oupled superondutors in the lean limit. To
the best of our knowledge their interplay with disorder
and strong oupling eets is less systematially studied.
In partiular this is aused by the inreased number of
input parameters and the neessity of a large amount of
numerial alulations.
The multi-band harater in MgCNi3 is not only sup-
ported by the band struture alulations, but also by
experimental ndings, and for instane, reeted by the
large gap found in tunneling measurements
13,17
and a
smaller one seen in NMR measurements.
7
Like in MgB2 the eet of interband sattering is ex-
peted to be weak due to the presene of well disjoint
FSS. However, due to dierent ontributions of the par-
tial density of states ompared to the ase of MgB2, the
two-band harater of MgCNi3 is less pronouned. In
Se. VC the total eletron-phonon oupling onstant av-
eraged over all Fermi surfae sheets, λ
ph,tot was estimated
by Eq. (10) at λ
ph,tot ≈ 1.9. Considering the band stru-
ture alulation presented in Se. II, this value is to be
distributed among the two ontributing bands aording
to
λ
ph,tot = λh
N
h
(0)
N(0)
+ λ
el
N
el
(0)
N(0)
. (25)
With λ
ph,h = 1.74 . . .1.78 (see Se. VIA), the oupling
in the seond band amounts λ
ph,el = 2.58 . . .2.81. Ob-
viously this strong mass enhanement in both bands is
not ompatible with the low value of T

= 6.8 K. So,
as in the single band ase a pair breaking ontribution is
needed.
Measurable quantities desribing the superonduting
transition in the ase of MgCNi3 (partiularly Eqs. (14))
are aeted in opposite ways by strong oupling eets
from one side and two-band eets from the other sides.
Here we will briey show, how these dierent eets in-
uene the spei heat jump ∆/γ
N
T

aording to Eq.
(14b). Considering these eets,
∆
γT

= 1.43F(µ⋆)
B1
(
ω
ln,h
T

) (
1 + ηv/z2
)2
(1 + v) (1 + ηv/z4)
(26)
is derived, where
v =
(1 + λ
ph,el)Nel
(1 + λ
ph,h)Nh
(27)
ontains eletron-phonon oupling and multi-band or-
retions and
z =
∆
h
∆
el
(28)
denotes the gap-ratio. The funtion F(µ⋆), given by
F(µ⋆) =
1.15 [1 + 0.156 tanh(5µ⋆)]
1 + 0.156 tanh (0.5)
has been obtained by analyzing numerial data derived
by Carbotte
20
under onsideration of enhaned pair-
breaking in terms of the Coulomb pseudopotential µ⋆
lnω
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FIG. 24: Left panel: Dependene of the spei heat jump
∆/γ
N
T

on the gap ratio ∆
h
/∆
el
and the harateristi
phonon frequeny ω
ln
within the two-band desription for
µ⋆ = 0.13 (Eq. (26)). Right panel: Possible solutions for
∆
h
/∆
el
and ω
ln
to reah the experimental spei heat jump
for the two ases µ⋆ = 0.13 and µ⋆ = 0.4 (enhaned pair-
breaking). The two vertial lines mark the range of expeted
∆
h
/∆
el
values (see Se. VC).
(valid up to µ⋆ ≈ 0.4). The dierent eletron-phonon
oupling onstants in both bands may involve dierent
harateristi phonon frequenies ω
ln
. This situation is
formally taken into aount by the parameter η, given by
η = B1
(
ω
ln,el
T

)
/B1
(
ω
ln,h
T

)
.
The general result, depending on the gap ratio z and
the harateristi phonon frequeny ω
ln
(for simplia-
tion ω
ln,el = ωln,h is assumed) is shown in the left
panel of Fig. 24 (with λ
ph,h = 1.76, λph,el = 2.7 and
F(µ⋆) = 1). The opposite eet of strong oupling from
one side and two-band behavior from the other side is
learly seen. The right panel shows possible solutions
for z and ω
ln
to reah the experimental determined jump
∆/γ
N
T

= 2.09. Considering the results from the nor-
mal state spei heat analysis (ω
ln
≈ 143 K) and the su-
peronduting spei heat analysis (1 ≤ z ≤ 0.8), best
onsisteny is obtained with µ⋆ ≈ 0.4 in full agreement
with the pair-breaking senario.
Now, the inuene of two-band orretions on the pen-
etration depth λ
L
(0) should be heked, sine the experi-
mental value of λ
L
(0) = 237 nm was asribed to the hole
band in Se. VIA. We start with the inverse squared to-
tal penetration depth of a two-band superondutor. It
is given as a sum of the two orresponding ontributions
from eah band:
λ−2
tot
(0) = f
h
λ−2
h
(0) + f
el
λ−2
el
(0),
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FIG. 25: Penetration depth at zero temperature derived from
Eq. (29) vs. sattering rate in the hole band using γ
el
/γ
h
≈
4.81 (see Eq. (1)).
with the gap ratio dependent weighting fators
f
i
(z, λ
i
, N
i
), where i = h, el and f
i
≡ 1 in the ase of
equal gaps (i.e. z = 1). The orresponding spei
plasma frequenies, oupling onstants, and gaps do enter
eah term (see Eqs. (20,21)). Then the total penetration
depth an be rewritten as
λ
L,h(0) = λL(0) ×
×
√√√√
L
[
1 +
∆2
el
ω2
pl,el(1 + λh)(1 +
0.7γ
h
2∆
h
)
∆2
h
ω2
pl,h(1 + λel)(1 +
0.7γ
el
2∆
el
)
]
(29)
with
L =
1 + v/z2
1 + v/z4
.
With the above determined values, we get L ≈ 0.88
(with ν and z aording to Eqs. (27,28)). Fig. 25
shows the ontribution of the hole band to λ
L
(0) for the
LDA alulation, using γ
el
/γ
h
≈ 4.81 (see Eq. (1)). It
is seen, that λ
L,h(0) exeeds the experimental value of
λ
L
(0) = 237 nm by no more than ≈ 18 % (in the ase
of γ
h
= 31.0 . . .36.0 K  see Se. VIA), indiating only
small inuene of the eletron band on λ
L
(0). Neverthe-
less its inuene is not as small as in the ase of H
2(0)
and thus, we estimate an error of about ≈ 10 % for the
eletron-phonon oupling onstant of the hole band, de-
termined in Se. VIA.
VII. CONCLUSIONS
Our analysis of MgCNi3 revealed a highly interesting
interplay of dierent, on rst glane unexpeted adversed
physial features or tendenies all present within one ma-
terial ausing a rather omplex general behavior. This
novel superondutor has been interpreted so far as stan-
dard s-wave BCS superondutor or as unonventional
superondutor with strong or medium eletron-phonon
oupling. Last but not least, onsiderable pair-breaking
ontribution due to spin utuations and / or Coulomb
repulsion have been suggested from theory and experi-
ment.
The present analysis is the rst approah to reonile
the unusual experimental ndings within a unied phys-
ial piture. It reveals strong eletron-phonon oupling
ombined with medium eletron-paramagnon oupling.
Strong eletron-phonon oupling was derived from spe-
i heat data in the normal and superonduting state
independently. An unusual upturn of the spei heat
in the normal state observed at low temperatures an
be attributed to spin utuations and / or a softening
of low-frequeny phonons. To speify the ontribution of
the belonging eletron-boson interations to the low tem-
perature spei heat anomaly, low-temperature neutron
measurements are neessary in order to investigate the
evolution of the lattie exitations, whih may even be
modied by the transition from the normal to the super-
onduting state.
The eletroni spei heat data show an exponen-
tial temperature dependene at low temperatures whih
is a strong indiation for s-wave superondutivity in
MgCNi3. It was shown that a ontribution of a seond
band ould not be exluded but even omplies with reent
tunneling measurement results. The multi-band hara-
ter of MgCNi3 is proved by band struture alulations.
However, with respet to superondutivity the two-band
harater of MgCNi3 is muh less pronouned than in
the model ompound MgB2. That is due to the predom-
inane of a hole band with a large density of states in
MgCNi3, whereas in MgB2 the densities of states of both
bands are omparable. Therefore, several properties suh
as the spei heat or the upper ritial eld an be de-
sribed to rst approximation reasonably well within an
eetive single band model. Nevertheless, other proper-
ties suh as the Hall ondutivity and the thermopower
require a multi-band desription, i.e. at least one eetive
eletron and one eetive hole band (see App. B). Pre-
vious theoretial analyses based on single-band models
ould desribe only few physial properties. As a onse-
quene of the oversimplied approahes they blamed the
loal density approximation to fail seriously. This is in
sharp ontrast to our analysis of the upper ritial eld
yielding an eetive Fermi veloity agreeing well with the
LDA hole band predition. Our proposed eetive strong
oupling two-band approah explains the omplex behav-
ior observed for MgCNi3 and is expeted to hold for other
still not examined physial properties.
The highly interesting interplay of strong eletron-
phonon oupling on multiple Fermi surfae sheets, soft-
ening of lattie exitations, the strong energy depen-
dene of the density of states near the Fermi energy
19
of one band (van Hove singularity), and paramagnons
or strong Coulomb repulsion for a realisti, anisotropi
multi-band eletroni struture with nesting features in
this ompound highly motivates further experimental
studies. Investigating the inuene of impurities or slight
stoihiometry-deviations on the eletroni and bosoni
properties would be as helpful as making of purer sam-
ples and single rystals to perform quantum osillation
studies like de Haas van Alphen measurements.
Deepened theoretial studies are needed to larify re-
maining quantitative details and to extend the present-
day strong oupling Eliashberg theory with all peuliar-
ities of MgCNi3.
APPENDIX A: PENETRATION DEPTH :
STRONG COUPLING AND IMPURITY
SCATTERING
We present a simple semi-analyti expression for the
penetration depth at T = 0K for type-II superondutors
valid in the London limit. Thereby strong oupling and
impurity sattering eets are treated on equal footing
within standard Eliashberg theory. In alulating λ
L
(0)
we start from an expression proposed rst by Nam
55
and
later on frequently used in the literature
56,57,58
λ−2
L
(0) =
piTω2
pl

2
Σ∞n=1
∆2 (iωn)
Z (iωn) [ω2n +∆
2 (iωn)]
3/2
, (A1)
where iωn = ipi(2n− 1)T , n = 0,±1,±2, . . . are the Mat-
subara frequenies and Z(iωn) as well as ∆(iωn) denote
the renormalization fator and the gaps, respetively.
The result of our numerial alulations of Eq. (A1) om-
pared with the approximation given by Eq. (20) is shown
in Fig. 26.
One realizes only small deviations not exeeding 8 to
10 % whih is suient for our qualitative estimate of
large mean free paths l
imp
ompared with the oherene
length ξ
GL
(0).
APPENDIX B: TWO-BAND INFLUENCE ON
OTHER PHYSICAL QUANTITIES
With the help of the two-band senario even diulties
found explaining Hall data an be overome.
8,14
Within
the two-band model (Se. II) the Hall onstant is dened
as
R
H
=
R
H,elσ
2
el
+R
H,hσ
2
h
(σ
el
+ σ
h
)2
,
using R
H,el = −RH,h with nh = nel (due to the even
number of eletrons per unit ell) and the ratio of the
hole and eletron ondutivities
x =
σ
h
σ
el
≈ Nhv
2
F,hγel
N
el
v2
F,elγh
,
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FIG. 26: Results of strong oupling alulations for the pen-
etration depth at zero temperature (Eq. (A1)) for several
eletron-phonon oupling onstants λ vs. impurity satter-
ing rate γ
imp
(in units of the gap ∆
exp
= 1.1 meV as derived
from Se. VC) in omparison with the approximate expres-
sion provided by Eq. (20).
where γ
h
and γ
el
are the orresponding sattering rates,
we get
R
H
= R
H,el
1− x
1 + x
, (B1)
with R
H,el = −1/ (nelec). The number of harges per
unit ell from LDA-FPLO alulations (see Se. II)
amounts n = 0.285 (omparable to n = 0.303 of Ref.
9). The resulting theoretial harge arrier density of
n
el
≈ 5.2× 1021/m3 and the alulated ondutivity ra-
tio of x = 1.403 (see Se. II) should now be ompared
with measurements in terms of the eetive Hall onstant
given by Eq. (B1).
Sine so far reported samples are widely spread in
terms of their residual resistivities, grain boundary ef-
fets, aeting the Hall ondutivity should be taken into
aount. This an be done in a rst approximation by
analyzing the mean free path (Eq. (4)), onsidering the
hole subsystem
l
imp,h = 4.9× 102
v
F,h
[
107 m/s
]
(ω
pl,h [eV])
2
ρ0
(
1 + 1x
)
[µΩm]
.
Similar onsiderations should be applied to the analysis
of the thermopower, where also an eetive eletroni
behavior has been observed.
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